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BACKGROUND TO THE PROBLEM 
A number of anomalies in qualification test firings of 
solid rocket motors and failures in space in the mid 1980s 
gave an impetus for a number of detailed investigations into 
a method of non-destructively assuring the integrity of 
carbon-carbon and carbon-phenolic solid rocket motor nozzle 
exit cones. Boeing has been concerned with improving 
technology in this area and has led the industry in 
development and applications of both non-destructive 
inspection and evaluation approaches. To supplement 
traditional approaches, Boeing has developed acceptance 
criteria based on a performance model and also procedures to 
use these criteria. These use data from multiple-modality 
NDE of exit cones together with prior thermomechanical 
property correlations to determine the performance capability 
of individual exit cones, on a case by case basis. 
In order to develop the relationships between NDE 
features and thermomechanical properties, a data manipulation 
methodo1ogy with exceptional generality was developed, and 
has been used successfully in support of a number of advanced 
composite nozzle technology programs. This approach draws 
from finite element interpolation and integration theory, 
greatly increasing the ease of comparing of multiple-modality 
NDE and mechanical test data for complex curved structures 
such as nozzle exit cones. NDE data from arbitrary 
inspection points (including randomly located points) are 
extended to continuous analytic functions over space. This 
simplifies averaging, coordinate and raster transformations, 
dimensional reduction, and comparison functions by replacing 
heuristic approximations dependent on modality with uniform 
analytic algebraic operations, which preserve data integrity 
absolutely. 
The theoretical basis for the methodology is described, 
and examples of its application are given. 
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Two-dimensional involute carbon-carbon nozzle exit cones 
are characterized by continuous material property variations 
from point to point on a cone, which may vary over a 
considerable range. For instance, interlaminar shear 
strengths of nominal exit cones may vary by as much as an 
order of magnitude within a single cone. Figure 1 illustrates 
the variation in hoop tensile strength for 52 rings excised 
from four identically processed carbon-carbon exit cones. 
Manufacturing improvements seek to reduce these variations, 
but the complex processing steps and extremely long 
production flow time requirements limit the improvements 
which can be achieved within time scales of planned space 
missions. As a consequence, exit cones currently being 
produced are non-destructively inspected using appropriate 
techniques and the data are evaluated for determining the 
flightworthiness of each cone on an individual basis. In 
addition to visual and liquid penetrant testing, x-ray 
computed tomography, digital radiography, and ultrasonics are 
commonly employed forcone evaluation. 
In order to relate NDE inspection measurements to 
material properties, such as strengths, stiffnesses, and 
thermal expansion coefficients, destructive tests are 
performed on selected exit cone material sampIes. 
Relationships between NDE features and thermomechanical 
properties are developed. These correlations are employed in 
thermostructural calculations to establish margin-of-safety 
limits on NDE measurements as a function of location and 
distribution of material properties. A description of this 
process is given in Figure 2. Multiple modality inspection 
data are employed because of the considerable risk of 
miscategorizing anomalous conditions using data from one 
modality. This is illustrated in Figure 3, where volumes 
containing different material conditions but identical NDE 
signatures are compared in NDE feature space. Managing the 
multiple modality NDE data for complex shapes over different 
dimensionalities is a reasonably difficult practical problem, 
as seen in Figure 4. Evaluating "whole cone" inspection data 
over volume elements corresponding to mechanical test 
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specimens in order to establish statistically valid 
correlations presents a related technical problem. 
DESCRIPTION OF THE METHODOLOGY 
since the problem for rocket nozzle exit cones is 
measurement of continuous properties, rather than 
identification of discrete defects, it was natural that 
methodologies for data handling focused on extending the 
inspection and evaluation data to continuous functions. 
Initially, we sought functions of spatial location but 
subsequently realized that, to solve the problem in general, 
Langrangian (part fixed) coordinate systems were needed. 
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Fig. 4. Coordinate system and inspeotion regions vary 
between techniques. 
The methods developed have been used successfully in 
support of a number of advanced composite nozzle technology 
programs. The approach provides a mathematical framework for 
expressing generalized interpolation, convolution, and 
dimensional reduction operations which are the essence of all 
NDE data manipulation, freeing analysis of the data from 
dependence on the geometry or the scan raster of the 
inspection method. The mathematical framework we use is 
commonly employed in finite element methods for continuum 
analysis, but is not commonly applied to NDE data reduction. 
First, apart fixed coordinate system is established. 
The particular system used depends on inspection methods and 
part geometry. For exit cones, we often employ a surface 
coordinate system which expresses position in terms of 
meridional, circumferential, and through-thickness position 
relative to a forward end fiducial mark. Multiple part-fixed 
coordinate systems are often defined, to ease data 
organization; however, the mathematical transformation 
between coordinate systems must then be established. 
Second, for each inspection feature of interest, a 
mathematical generalization of the feature extracted from the 
non-destructive inspection (NDI) is defined. This 
generalized feature represents the instantaneous value of the 
NDI parameter at a point in space such that the weighted 
average over the domain of the inspection "beam" (or volume 
of interaction) would be the value measured and recorded in 
an inspection. Generalized features must have the property 
of being intensive, that is, the units in which the features 
are expressed do not depend on the geometry of the domain 
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they represent. Examples of appropriate features ar~ 
ultrasonic attenuation (dBjmeter), CT density (gmjcm ), or 
resistivity vector (ohms-meter). A measurable datum (such as 
the value of attenuation extracted from an ultrasonic 
waveform) is considered to be the weighted average over the 
volume of interaction of the generalized feature. 
Following this step, an appropriate analytic functional 
form over space to represent the generalized feature 
distribution is defined. This can be done in either of two 
ways. If the physical principles of the interaction arewell 
enough understood that the convolution distribution for the 
interaction can be prescribed analytically then superposition 
of voxel influence functions can be employed. Alternatively, 
and more commonly, an approximating orthogonal set of 
functions is established, apriori, piecewise continuous over 
the domain of the part, and operated upon using a table of 
coordinates and element connectivity. The steps to 
formulating this approach are summarized in Figure 5. The 
finite element theoretical approach to defining this 
functional form is most convenient, since it lends itself to 
being parameterized by the inspection data, and eliminates 
dependence on a particular inspection raster. In this form, 
each "node" corresponds to the origin of a particular pixel 
(or voxel). The shape of the pixel (or voxel) is the 
distribution over space of the influence of the measuring 
interaction, rather than a a discrete domain. 
Finally, mathematical approaches to evaluating 
inspection features over arbitrary volume, surface, line, and 
point elements are developed. Generally, evaluating an 
inspection feature for arbitrary elements, such as voxels 
from other inspection modalities o~ mechanical test 
specimens, becomes a matter of numerical evaluation of 
domain integrals, which by employing conventional finite 
element theory can be reduced to algebraic express ions in 
terms of the original inspection data. 
These procedures, when embedded in software, ensures 
improved evaluation accuracy when compared to conventional 
counting and interpolation approaches, improving the quality 
of data correlations considerably. It also provides a 
framework for handling the data computationally in an 
extremely unified and flexible form independent of the scan 
raster, reducing the complexity of data reduction and 
analysis software, especially when multiple modality 
inspections of the same part are being analyzed. In 
particular it simplifies averaging, coordinate and raster 
transformations, dimensional reduction, and comparison 
functions by replacing heuristic approximations dependent on 
modality with uniform analytic algebraic operations, which' 
preserve data integrity absolutely. 
EXAMPLE OF IMPLEMENTATION 
The basis for one-dimensional implementation of the 
interpolation scheme will be discussed. Following that, an 
example of the application of this technique will be 
described for NDI properties from multiple modalities. 
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Consider the one-dimensional case, described in Figure 
6, where there exists a continuous physical property over a 
region. The discretely sampled data is the result of the 
convolution of the physical data over the shape of the 
sampling area. In multiple dimensions, this shape 
corresponds to the CT voxel shape or the ultrasonic pixel 
shape. Linear interpolation between discrete samples allows 
us to approximate the physical property at any point in the 
region. Given that we have multiple.physical properties over 
the same region, comparisons can now be made from one 
property to another. 
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Methodology for interpolation scheme. 
Comparing data from multiple modalities involves the 
application of these techniques. An example of data from 
three NDE techniques taken from the same exit cone is 
presented here. Figure 7 shows features from CT, 
ultrasonics, and eddy current after they have been mapped 
onto an equivalent part-fixed coordinate system. The three-
dimensional CT data has been averaged through the thickness 
of the cone wall and transformed into a coordinate system 
that corresponds to the ultrasonic pixel raster. Similarly, 
the eddy current data has been interpolated to the ultrasonic 
pixel raster. The three techniques can now be compared more 
easily and still preserve the data integrity. 
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CONCLUSION 
This approach to managing multiple modality NDE da ta is 
sufficiently general to be applied to a broad range of part 
configurations and NDE features. 
The key advantage of this approach is that it reduces 
human effort because all of the data is managed in a 
consistant framework, freeing the analyist to spend his time 
analyzing the data, rather than managing it. 
Because the approach is general it has applicability to 
non-NDE problems, such as problems requiring fusion of data 
from multiple sensors. 
When embedded in software, the approach allows for 
convenient access to multiple maps of NDE data which can be 
tailored to solve specific problems efficiently. We have 
demonstrated its practicality through implementation in 
INDERS (the Integrated Non Destructive Evaluation Data 
Reduction system) which is currently used to optimize test 
planning for excising destructive test specimens from nozzle 
exit cones at Boeing and NASA Marshall Space Flight center, 
and the Air Force Astronautics Laboratory. 
We conclude that this methodology has great potential 
for reducing the effort for analyzing multiple modality NDE 
while also improving the quality of the analysis. 
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